Introduction
Thermoelectric materials can directly convert heat into electricity without moving parts [1, 2] . The performance of a thermoelectric material is characterized by its dimensionless figure of merit (ZT), which is a function of materials' temperature-dependent properties [1, 3] , ZT = [S 2 /( e+  L )]T, where S, σ,  e ,  L , and T are the Seebeck coefficient, electrical conductivity, electronic thermal conductivity, lattice thermal conductivity, and absolute temperature, respectively [3, 4] . Accordingly, making an efficient thermoelectric generator requires maximizing ZT over a wide temperature range, which ultimately demands materials with high Seebeck coefficients, high electrical conductivities, and low thermal conductivities. It is very difficult to independently tune these parameters since they are interrelated. Significant efforts have been put into decoupling them using various techniques [5, 6] . The introduction of nanostructures into bulk thermoelectric materials gives the opportunity to independently tune these parameters [7, 8] and significantly reduces the thermal conductivity by scattering a broad spectrum of phonons. [9, 10] Recently, band engineering based on modifying the band structure by alloying [11] [12] [13] or doping to create impurity levels for resonating with the host band [14, 15] or both [16, 17] lead to significant achievements in obtaining higher ZT values.
Lead telluride (PbTe) [18] with its intrinsically low thermal conductivity [19] is one of the most studied thermoelectric materials for medium temperature applications. [20] The thermoelectric performance of PbTe has been enhanced by alloying with its isostructural sister compound PbSe. The partial substitution of Te by Se leads to disorder via atomic mass fluctuations, distortion in the crystal lattice and formation of defect states, which can effectively scatter phonons more than charge carriers (electrons or holes) to reduce thermal conductivity [9, 10, 21] . Significant progress has been reported in improving the ZT of PbTe by simultaneous alloying, doping, and band engineering. Tl acts as a resonant dopant in PbTe to enhance the ZT to ~1.5 by modifying the band structure [14] . By potassium doping, a peak ZT value of ~1.7 at 873 K was achieved in K 0.02 Pb 0.98 Te 0. 15 Se 0.85 [20] . A ZT of ~1.8 was obtained in p-type Na 0.02 Pb 0.98 Te 0.85 Se 0.15 by band convergence [11] . Even though the peak ZTs of these materials at high temperatures are high, the average ZTs are low because the ZTs below 400 K are very low [22, 23] , which significantly reduces the efficiency of these materials.
Cr was reported as a resonant donor in PbTe, PbSe, and PbTe 1-y Se y systems at low temperatures. [24] The room-temperature Seebeck coefficient and power factor in PbTe [25] and PbSe [26] can be increased by Cr doping. However, the improvement was proved to not be due to resonant scattering. One study shows the formation of a Cr resonant state in PbTe, with an energy 100 meV above the conduction band bottom of PbTe at 0 K, but the state moves into the band gap when the temperature increases to room temperature and hence doesn't contribute to a power factor enhancement at or above room temperature. [27] Another study also found Cr impurity states within the conduction band of PbTe [25] . However, the band distortion that comes from such a resonance of the Cr impurity level is not broadened well enough to properly align the Fermi level with the enhanced density of states and hence doesn't contribute to the enhancement of Seebeck coefficient.
In this work, we systematically studied the enhancement of both the ZT near room at that temperature for 6 h, then slowly cooled at the same rate to 650 o C and kept there for 50 h, and then finally cooled to room temperature. The ingots obtained from this procedure were cleaned and hand milled in a glove box with an argon environment. The hand-milled powder was then loaded into a half-inch graphite die, hot pressed at 600 o C for 2 min, air cooled, polished to disks with average thickness of 1.8-2 mm. These disks are cut into desired shapes for further characterizations.
Characterizations.
X-ray diffraction spectra analysis was conducted on a PANalytical multipurpose diffractometer with an X'celerator detector (PANalytical X'Pert Pro). The microstructures were investigated by a scanning electron microscope (SEM, LEO 1525) and a high resolution transmission electron microscope (HRTEM, JEOL 2100F). The chemical composition was analyzed on an energy-dispersive X-ray (EDX) spectrometer attached to SEM (JEOL 6330F). The thermal diffusivity (α) was measured by a laser flash analyzer (Netzsch LFA 457) on a half-inch disk with thickness of 1.8-2 mm, the specific heat (C p ) was measured by a differential scanning calorimetry thermal analyzer (Netzsch DSC 404 C) on a smaller disk with diameter of 6 mm and thickness less than 0.8 mm and the volumetric density (D) was measured by the Archimedes method. The total thermal conductivity was calculated by  = DC p . We cut a bar of ~10 mm × 2 mm × 2 mm from the half-inch disc for Seebeck coefficient (S) and electrical conductivity () measurements. The Seebeck coefficient (S) and electrical conductivity () measurements were done using a static direct current method and a four-point direct current switching method, respectively, on a commercial (ULVAC ZEM-3) system. The roomtemperature Hall coefficient (R H ) was measured using a Quantum Design Physical Properties Measurement System on a bar with dimension of 10 mm × 2 mm × 0.5 mm cutting from the same disc. The Hall carrier concentration n H and Hall mobility µ H were calculated from the Hall coefficient R H by n H = (eR H ) -1 and µ H = σR H , respectively. Our measurements are accurate to within 12 % for the ZT and 10 % for the power factor, coming from a 3 % error in electrical conductivity, a 5 % error in Seebeck coefficient, and a 7 % error in thermal conductivity. Error bars were not used in the figures to increase the readability of the curves.
Results and Discussion
The lower thermal conductivity due to large Grüneisen parameter values and nanocomposite microstructures [26, 28] , and the improved power factor values by Cr doping have improved the average ZT of n-type PbSe over a wide temperature range (300 K-873 K) [26] . When Cr is doped into PbTe, the room temperature power factor increased dramatically compared with the other n-type PbTe alloys [25] . The best power factor at room temperature is ~36.50 W cm at 773 K). Figure 1 shows the temperature dependence of the thermoelectric properties of Cr- from 50 nm to several microns, which assist the scattering of phonons of mean free path of the order of greater than or equal to 50 nm and microns. However, it has been proven that in PbTe 1-y Se y alloys most of the thermal conductivity is contributed by phonons of mean free path less than 10 nm. Therefore, a grain size of less than 10 nm is needed to achieve a significant reduction of thermal conductivity by nanostructuring [29] . The lowest thermal conductivity is [30] . The increase of the thermal conductivity at elevated temperatures is clearly due to the minority carriers.
For Cr x Pb 1-x Te 0.25 Se 0.75 , as shown in figure 4 , the Seebeck coefficient shows a similar trend as the Te-rich (figure 3) system with increasing Cr concentration. However, this composition is less susceptible to bipolar conduction and the bipolar temperature is higher than that of the Te-rich composition. This is due to the suppression of minority carriers by the band gap increase in the Se-rich composition with increasing temperature consistent with the previous studies [31] . The electrical conductivity also follows a similar trend as the Te-rich composition in such a way that it increased when the Cr concentration increased to a critical value of 1.5 atm. % then decreased when it exceeds this critical level. The lowest room temperature thermal conductivity is ~1. 25 We then prepared different samples with different Se concentrations to check the alloying effect. Figure 7 shows the temperature dependence of (a) the Seebeck coefficient, (b) the electrical conductivity, (c) the power factor, (d) the thermal diffusivity, (e) the total thermal conductivity and the lattice thermal conductivity, and (f) the ZT with a fixed Cr concentration y Se y has much higher room temperature power factor and ZT value than I-doped PbTe 1-y Se y . However, the average ZT is independent on the room temperature carrier concentration. [32] . The efficiency of thermal to electrical conversion of these selected compositions is discussed in the next section.
The efficiency of a thermoelectric power generator depends on the Carnot efficiency and the thermoelectric figure-of-merit of the devices, which is intrinsic to the materials making up the device. This relation is expressed as [34] 
where T h is the hot-side temperature, T c is the cold-side temperature, and ̅ is the average temperature between T c and T h . The temperature-dependent properties of the legs are incorporated in the Z ̅ term in Eq. 1 and replaced by the average ZT over the whole temperature range when calculating the efficiency. One proposed method of improving the efficiency of thermoelectric generators is designing a segmented device where each segment has a high ZT for the temperature anticipated in the segment [35, 36] . However, this technique has its own drawbacks in effectiveness since it suffers from the added complexity of bonding, mass diffusion, and thermal expansion mismatch at the interfaces. Hence, it is important to find a single material with better thermoelectric properties to use over the whole temperature range of operation. 
where J, Q, ρ, V, S , k and T are the current density, heat flux density, electrical resistivity, voltage, Seebeck coefficient, thermal conductivity, and temperature, respectively. The leg efficiency is calculated from the output power and input heat flux into the leg by:
The set of coupled first order differential equations (2), (3), (4) [38] . PbSe:Al (9.4%) [38, 39] half Heuslers (8.4%) [38, 40] , filled Skutterrudites (13.1%) [38, 41] , and PbTe:
La (6.7%) [38, 42] . This high single leg efficiency over a wide range of temperatures comes from the improvement of the room-temperature ZT and then the enhanced average ZT over the whole temperature range.
Conclusions
In this systematic study of Cr doping in PbTe 1-y Se y , a high figure of merit of ~0. [43] (dashed pink line) with a cold side temperature at 300 K. 
